A new design for an electro-osmotic flow (EOF) driven micropump was fabricated. Considering thermal management applications, three different types of micropumps were tested using multiple liquids. The micropumps were fabricated from a combination of materials, which included: silicon-polydimethylsiloxane (Si-PDMS), Glass-PDMS, or PDMS-PDMS. The flow rates of the micropumps were experimentally and numerically assessed. Different combinations of materials and liquids resulted in variable values of zeta-potential. The ranges of zeta-potential for Si-PDMS, Glass-PDMS, and PDMS-PDMS were À42.5-À50.7 mV, À76.0-À88.2 mV, and À76.0-À103.0 mV, respectively. The flow rates of the micropumps were proportional to their zeta-potential values. In particular, flow rate values were found to be linearly proportional to the applied voltages below 500 V. A maximum flow rate of 75.9 lL/min was achieved for the Glass-PDMS micropump at 1 kV. At higher voltages nonlinearity and reduction in flow rate occurred due to Joule heating and the axial electro-osmotic current leakage through the silicon substrate. The fabricated micropumps could deliver flow rates, which were orders of magnitude higher compared to the previously reported values for similar size micropumps. It is expected that such an increase in flow rate, particularly in the case of the Si-PDMS micropump, would lead to enhanced heat transfer for microchip cooling applications as well as for applications involving micrototal analysis systems (lTAS).
Introduction
Micropumps are increasingly used to deliver cooling liquids in microscale heat exchangers and heat spreaders. Also, micropumps are essential components of most lTAS. For example, delivery of nanoliter samples is needed in most lTAS systems to perform diagnosis and dispensing of reacting samples. Different designs of micropumps have been developed for such applications using various flow-driving mechanisms. Some of these pumps are mechanical pumps, such as diaphragm and gear pumps, while others implement the electrohydrodynamic phenomena. For the latter technique, the fluid sample is driven by applying an electric field across the microchannel. The flow in this case is known as EOF.
1.1 EOF. EOF is one type of electrohydrodynamically driven flow that takes place when an electrolyte solution is in contact with a surface (i.e., microchannel wall). This causes the surface of the microchannel to acquire an electrical charge. The counter-ions in the solution are attracted toward the microchannel surface, leading to a higher concentration of counter-ions in its vicinity. Also, these counter-ions serve as a shear layer when the flow initiates. When an electric field is applied across the solution, a bulk motion of counter-ions is initiated in the direction of the electric field. The motion of these ions drags the surrounding fluid particles due to viscous forces which leads to a bulk motion of the fluid with a plug flow profile [1] .
1.2 Advantages of EOF Micropumps. EOF pumping is directly applied to the fluid, whereas mechanical pumping requires oscillating or rotating solid surfaces to be in contact with the fluid. EOF pumping provides a steady continuous flow compared to most mechanical pumping techniques. Using EOF, fluid flow rate can be controlled precisely by adjusting the applied voltage. The flow direction can be reversed instantly by changing the direction of the applied electric field. This cannot be achieved safely in mechanical pumping systems. Also, EOF micropumps have no moving parts, which makes them more reliable compared to mechanical pumps. The EOF micropumps can be easily integrated into lTAS systems since they have similar fabrication techniques. For thermal management applications, the contact resistance can be eliminated by integrating the microchannels in the backside of the microchip [2] .
Different designs of EOF micropumps and their flow rates have been reported in the literature. Chen and Santiago [3] designed a single microchannel EOF micropump that achieved a maximum flow rate of 3.5 lL/min at 3 kV. Chujo et al. [4] fabricated a multiple-channel micropump that could operate at low voltages. The maximum flow rate reported by their study was 1.05 Â 10 À2 lL/min at 20 V. A multistage EOF pump for liquid delivery applications was tested by Chen et al. [5] and its flow rate was 1.7 lL/min at 5 kV. Seibel et al. [6] designed a programmable planar electro-osmotic pump for lab-on-chip applications. The EOF pumping rate of the micropump was 1.0 Â 10 À2 lL/min in a 1 cm microchannel at 40 V. Zeng et al. [7] tested a capillary EOF pump that achieved 3.6 lL/min of flow at 2 kV. Takamura et al. [8] assessed the flow rate of a low-voltage EOF pump for microfluidic applications. This pump produced a flow rate of 0.415 lL/min at 10 V. Jahanshahi et al. [9] fabricated a flexible biocompatible EOF micropump using PDMS. In their study, the EOF velocity was measured to be 60 lm/s at 10 V.
For micropump designs mentioned above, the flow rate output may not be sufficient for thermal management applications. For these applications, higher flow rates are desired to remove the heat generated by microchips. Also, the liquid-flow rate measurement methods that were implemented in these studies have low resolution. In this study, a new micropump design was introduced to increase its flow rate output; also, a higher resolution microflow meter (0.1 lL/min resolution) was used. The new micropump can be integrated as a microscale heat exchanger for electronics cooling applications. Also, it can be used for the dispensing of small samples (lL-nL) for drug delivery and diagnosis applications. Considering the above applications, three different types of EOF micropumps were designed, fabricated, and tested using different liquids: (1) a silicon and PDMS (Si-PDMS), (2) a glass and PDMS (Glass-PDMS), and (3) a PDMS and PDMS (PDMS-PDMS). In the recent past, combinations of PDMS and glass (Glass-PDMS and PDMS-PDMS) have been used for the fabrication of microchannels within micropumps, which have been used for liquid delivery applications in lTAS systems. However, to the best of the authors' knowledge, silicon and PDMS-cast microchannels (Si-PDMS) have not been assessed for thermal management applications.
Improved Design of Microchannels for Thermal
Management Applications. Most of the EOF micropumps used for the thermal management of microelectronic devices are silicon based [10] [11] [12] [13] [14] [15] . While silicon has high thermal conductivity and its machining techniques are well established, its fabrication can be time consuming and includes multistep processes. The novelty in this research is that the microchannels have been cast in a PDMS cover rather than being etched on a silicon substrate. For such design, the microchannel surfaces are expected to be significantly smooth, which is difficult to obtain using silicon etching methods. Thus, out of the four internal surfaces of the microchannel, three surfaces were fabricated using PDMS and the fourth surface that can be attached to a heat source was made of silicon. The three PDMS surfaces are expected to enhance the zeta-potential of the microchannel walls, leading to a higher flow rate of the cooling liquid. Hence, this design had the advantage of combining the favorable conductive heat transfer properties of silicon on one surface that is in contact with the microchip while providing increased zeta-potential values at the other three PDMS surfaces of the microchannel. Most importantly, such a design for microchannels is easier to fabricate.
The Si-PDMS micropump was experimentally tested and compared with Glass-PDMS and PDMS-PDMS micropumps to assess their EOF rates for different values of applied voltage. Also, four different liquids were tested in these micropumps, including deionized (DI) water, distilled (DS) water, 0.4 mM borax buffer, and 1% Al 2 O 3 nanoparticle solution. Furthermore, a numerical study was conducted to validate and obtain zeta-potential values for the flow rates obtained in the experiments.
Methods

Experimental Method
2.1.1 Fabrication of the Micropump. The micropump was fabricated using two major components: a PDMS cover that contained the microchannels and a substrate for sealing them. Twenty microchannels were implemented in the micropump, each having a 100 lm width, 150 lm height (cross-sectional area: 15 Â 10 3 lm 2 ), and 2 cm length. The cross-sectional area of the microchannels was selected based on our previous study [11] . The optimal cross-sectional area was determined in order to maximize the heat transfer from the liquid-surface contact area while preventing boiling. It may be noted that if the internal surface area of the microchannel is larger than necessary in relation to the volume of the cooling liquid, then its elevated temperature may lead to boiling. Such boiling of the cooling liquid can cause bubble formation, causing interruption in the EOF.
In this study, out of the four internal surfaces of the microchannel, three were fabricated using PDMS. Three different types of materials: (1) an oxidized silicon substrate with a 1 lm thick thermally grown silicon dioxide layer, (2) a glass substrate, and (3) a PDMS substrate were selected for the fourth surface. As shown in Fig. 1 , the two components were bonded after constructing the appropriate inlet and outlet reservoirs.
The PDMS cover that contained the flow microchannels was fabricated using standard photolithography. An SU-8 master was fabricated by spin coating SU-8 2075 photoresist (MicroChem Corp., Newton, MA) over a 3 00 silicon substrate, where the spin time and speed were adjusted to achieve the desired photoresist thickness. After that, SU-8 was soft baked at 65 C and 90 C, for 10 and 20 min, respectively. The substrate was then aligned with a mask that has the same pattern and dimensions of the desired microchannels. Subsequently, the substrate was exposed to UV light and baked for 30 min followed by development using the SU-8 developer (MicroChem Corp., Newton, MA).
The SU-8 master was used to cast the PDMS microchannels. PDMS was mixed and degassed using a vacuum desiccator. The PDMS was then poured over the SU-8 master in a Petri (dish) and cured over a hot plate at 80 C for 2 h. After that, the PDMS mold containing the microchannels was detached from the SU-8 master (Fig. 2) . Reservoirs and inlet and outlet ports were cut into the PDMS cover. Subsequently, the PDMS cover was bonded to either 2 in. silicon, glass, or PDMS substrate (depending on the desired type of micropump section) using corona treatment. A schematic of the micropump is shown in Fig. 1 , silicon, glass, or PDMS substrates can be used to seal the PDMS microchannels.
2.1.1.1 Advantages of Si-PDMS Micropumps. The proposed micropump design has many advantages over the conventional micropumps used in microscale heat exchangers. In previous designs [10] [11] [12] [13] [14] [15] , the microchannels were etched on a silicon substrate and the microchannels were usually sealed using a glass cover. Such fabrication using silicon is complicated and time consuming as the etching process often causes rough and irregular microchannel walls. Environmental scanning electron microscope (ESEM) photographs of the microchannel walls obtained using PDMS casting are shown in Fig. 3 . For comparison, microchannels with irregular cross sections, fabricated using silicon etching, are shown in Fig. 10 in the Appendix. Another advantage of the PDMS surfaces is that their zeta-potential value is higher than silicon, as reported by Sze et al. [16] . Flow velocities in microchannels are proportional to zeta-potential value. Hence, increasing the flow velocities by increasing zeta-potential leads to an increase in Transactions of the ASME the mass flow rate of the cooling liquid, thus resulting in an enhanced heat transfer.
Experimental
Testing of the Micropump-Flow Rate Study. The schematic of the experimental flow loop is shown in Fig. 4(a) . The pump was connected to an EOF power supply and a microflow meter. EOF voltages in the range of 100 VÀ1 kV were applied to the inlet and outlet of the micropump using stainless steel (SS) tubes that also served as the inlet and outlet flow conduits. SS electrodes were implemented by several researchers to apply voltages to micropumps [3, 5] . For prolonged use of these systems, electrodes made from noble metals are recommended to eliminate corrosion due to electrolysis [11] . The outlet reservoir discharged into a microflow meter ASL-1600 (Sensirion Inc., Westlake Village, CA). The outlet of the flow meter was connected to the inlet port of the pump using a tube and appropriate fittings to form a closed-loop system. A photograph of the experimental flow loop showing the micropump, the flow meter, tubing, and fittings is shown in Fig. 4 (b). The EOF voltage was controlled through a computer-controlled high voltage power supply (LabSmith HVS448, LabSmith, Inc., Livermore, CA). The microflow meter was connected to a computer, where the flow rate data was obtained. This system is well suited for closed-loop thermal management applications, where the flow is circulated from the heat exchanger to a heat rejection unit [17] .
Four different liquids were used to test the micropump performance: (1) DI water, (2) DS water, (3) 0.4 mM borax buffer [12] , and (4) a solution of 1% Al 2 O 3 nanoparticles suspended in water [13] . These solutions are commonly used in microchannel heat exchangers and have similar fluid properties (viscosity and density). The electrical conductivities of these four liquids used in this study are presented in Table 1 .
Pressure-Flow
Testing of the Micropump. The pressureflow (P-Q) curve of the micropump was evaluated using the experimental setup shown in Fig. 5 . The outlet reservoir was kept at a higher pressure compared to the inlet reservoir. A head difference (Dh) between fluid levels in the outlet and inlet reservoirs was maintained. Flow rates corresponding to each Dh were reported for the liquids used in the study. The experiments were performed using the Si-PDMS micropump section. The EOF voltages used to deliver the liquids were 200 V, 350 V, and 500 V. These voltages were within the linear voltage-flow rate range.
Numerical Method.
In this research, a two-dimensional numerical model of a single microchannel was modeled. The dimensions of the microchannel in the computational model were the same as that of the microchannel used in the experimental study (100 lm width and 2 cm length). A structured grid with 4-node quadrilateral elements was used to mesh the domain with 7987 cells and 8250 nodes. The grid was refined near the microchannel walls to capture the variations of the EOF velocity profile.
Governing Equations.
EOF through the microchannel is governed by the continuity equation (Eq. (1)) and the modified Navier-Stokes equation (Eq. (2)) [18] .
where q is the fluid density (997 kg/m 3 ), u is the fluid velocity (m/s), l is the dynamic viscosity of the fluid (8.55 Â 10 À4 kg/m s), e r is the fluid relative permittivity (78.5), j is the inverse of the Debye-Huckle thickness (1.52 Â 10 À8 m), f is the zeta-potential at the microchannel walls (V) ( Table 2) , and / is the applied electric potential (V). 2.2.2 Boundary Conditions. EOF voltages of 100 V, 200 V, 300 V, 400 V, and 500 V were applied separately at the microchannel inlet while keeping the outlet at 0 V. These voltages were applied to the micropumps' electrodes in the experimental study. Fixed pressure (near atmospheric pressure) condition was used at both the inlet and the outlet. Different zeta-potential values were applied at the microchannel walls for the different micropump sections used in this study.
Numerical Technique.
Structured mesh was used to solve the velocity and electric fields across the microchannel. No slip condition was applied at the microchannel walls. The algebraic multigrid solver (CFD-ACEþ, ESI Group, Huntsville, AL) was used to solve for the flow and electric fields governing equations through the microchannel. The solution was computed until a convergence criterion of 10 À6 was achieved. Further, mesh independency was tested, where the mesh size was doubled and the difference between the results of the two cases was within 1%.
The above mentioned numerical method is similar to the one used previously by our group for validation of experimental data. Experimental EOF velocities in a microchannel were numerically validated using a finite volume solver [20] . Further, experimental results for mixing in a microreactor [21] and experimental temperature distribution in a microchannel [11] were validated using similar numerical techniques. [19] . Transactions of the ASME
Results
Experimental flow rate data was acquired for the three micropumps using different liquids. The applied voltage was varied in the range of 100 V-1 kV with 100 V increments. EOF rates versus applied voltage were reported for different liquids used in the micropumps. For each voltage applied, instantaneous flow rates were measured and then averaged over the time of experiment. Flow rate results versus EOF voltages are presented for the Si-PDMS, Glass-PDMS, and PDMS-PDMS micropump sections.
3.1 Flow Rate Versus EOF Voltage for Si-PDMS Micropump. Three sets of experiments (n ¼ 3) were performed using the same experimental flow loop and test section for each type of liquid used. This ensured reliability and repeatability of the experimental data. After collecting the flow rate data for each liquid, the data was averaged. The average flow rate data for the Si-PDMS micropump is shown in Fig. 6 . R 2 values are presented for the two ranges of: 100-800 V and 100-500 V. These ranges show the extent of linearity of the flow rate-EOF voltage relationship for the Si-PDMS micropump.
3.1.1 Flow Rate for the 100-800 V Range. Flow rates of different fluids in the Si-PDMS micropump for the 100-800 V EOF voltage range are shown in Fig. 6 . A maximum flow rate of 46.9 lL/min was reported for borax buffer at 800 V. DS water had a flow rate of 26.4 lL/min at 800 V. The flow rate for DI water was 21.5 lL/min at 800 V. Al 2 O 3 nanoparticle solution had a flow rate of 18.8 lL/min at 800 V. The flow rates achieved by the current micropump design were significantly higher (orders of magnitude) than the flow rates published in the literature for similar size micropumps. For example, Chen and Santiago [3] designed a multistage EOF pump that achieved a maximum flow rate of 1.74 lL/min at 5 kV of EOF voltage. Their study used 9 microchannels each having a 3.8 Â 10 3 lm 2 cross-sectional area. Chujo et al. [4] designed an EOF pump that achieved a maximum flow rate of 1.05 Â 10 À2 ll/min at 20 V of EOF voltage. Their study implemented a 10-microchannel micropump with a 1.67 Â 10 3 lm 2 cross-sectional area for each microchannel. Additional comparison based on normalized flow rate values is presented in Table 3 . The flow rates were normalized based on active pumping area, applied EOF voltage, and a combination of both. For the current study the maximum actual flow rate produced by the micropump was 27.6 times higher than the highest flow rate reported by Chen and Santiago [3] . The maximum areanormalized flow rate was 3.1 times higher than the highest areanormalized flow rate presented by Chen and Santiago [3] . The maximum voltage-normalized flow rate in the current study was 111.3 times higher than the highest voltage-normalized flow rate in the study of Chujo et al. [4] . In a similar note, the highest areavoltage-normalized flow rate was 6.4 times higher in the current study compared to the maximum normalized flow rate reported by Chujo et al. [4] . In addition to the higher flow rates, the micropump developed in this research can operate at lower EOF voltage levels; this reduced the effects of Joule heating and power consumption.
The relationship between the flow rate and the applied EOF voltage is governed by the Helmholtz-Smoluchowski equation u ¼ e 0 e r f=l ð Þ E ð Þ [16] , where u is the EOF velocity (m/s), e 0 is the permittivity of vacuum (C/V m), e r is the relative permittivity (dimension less), f is the zeta-potential (V)
microchannels' length (L ¼ 2 cm) and liquid properties were constant, this led to EOF velocity being proportional to the applied voltage. As shown in Fig. 6 , the flow rate and the applied EOF voltage were linearly proportional with an R 2 value of 0.98 for the case of 0.4 mM borax buffer. However, the R 2 value was 0.64 for the case of 1% Al 2 O 3 solution; thus showing more nonlinearity at higher voltages (greater than 500 V).
3.1.2 Effect of Zeta-Potential on Flow Rate. Flow rate can be related to the concentration of charged particles in the liquid used in the micropump. The flow velocity in EOF is dependent on the value of zeta-potential. Zeta-potential forms as a result of charged ions in the liquid being attracted toward the microchannel's wall, which has an opposite electrical charge. Therefore, low concentration of charged ions in the liquid resulted in a lower value of zetapotential and consequently, a lower flow rate. DI water contained the least charged particles and therefore its flow rate was the least, when compared to DS water, borax buffer, and Al 2 O 3 nanoparticle at the same voltage. The Al 2 O 3 nanoparticles solution had lower flow rate compared to borax buffer but is preferable in thermal management applications. It was capable of removing more heat when compared to pure water as shown in a study by Jung et al. [13] .
At higher values of EOF voltage, changes in flow rate were nonlinear. In some cases, such as the Al 2 O 3 nanoparticle solution, there was a noticeable decrease in the flow rate values. Also, the flow stopped shortly after the EOF voltage was increased beyond 800 V. The stoppage of the flow was due to the increased effects of Joule heating at higher voltages (detailed discussion of Joule heating is presented in subsection 2 of the Appendix). Such effects are more dominant for liquids with higher electrical conductivity, such as the Al 2 O 3 nanoparticle solution. Joule heating can lead to liquid evaporation and bubble formation inside microchannels; this in turn, can seize the EOF pumping. Thus, selection of flow rate for heat transfer applications should be optimized such that Joule heating is minimized.
Pressure and Flow Rate (P-Q) Analysis for Si-PDMS
Micropump. The pressure-flow (P-Q) curves of the micropump for different liquids are presented in Fig. 7 . These figures are presented similar to the P-Q curves reported by Prakash et al. [23] . Figures 7(a)-7 (d) present the P-Q curves for DI water, DS water, 0.4 mM borax, and 1% Al 2 O 3 nanoparticle solution, respectively. Flow rates for different hydraulic head differences (Dh) are presented, including maximum Q for Dh of zero (both reservoirs are at the same level).
The maximum flow rate (run-out condition) for DI water ( Fig. 7(a) ) at 200 V was 7.6 lL/min for zero difference in Dh; the zero-flow pressure (shut-off head, Dh max ) was 6 mm (61.1 Pa). For the 350 V case, the maximum flow increased to 18.9 lL/min and Dh max was 7.5 mm (73.3 Pa). At 500 V, the maximum flow rate (Q max ) further elevated to 20.0 lL/min and Dh max was 8 mm (78.2 Pa). In the case of DS water (Fig. 7(b) ) at 200 V, Q max was 10.2 lL/min; Dh max was 6 mm (61.1 Pa). For the 350 V case, Q max increased to 21.1 lL/min and Dh max elevated to 7.5 mm (73.3 Pa). At 500 V, the Q max was 22.7 lL/min and Dh max was 8 mm (78.2 Pa). On a similar note, for 0.4 mM borax buffer (Fig. 7(c) ) at 200 V, the Q max was 11.5 lL/min; Dh max was 6 mm (61.1 Pa). For the 350 V case, Q max was 19.2 lL/min and Dh max was 7.5 mm (73.3 Pa). At 500 V, the Q max was 29.3 lL/min and Dh max was 9.5 mm (92.9 Pa). For the Al 2 O 3 solution (Fig. 7(d) ) at 200 V, Q max was 7.8 lL/min; Dh max was 4.5 mm (44.0 Pa). For the 350 V case, Q max was 9.4 lL/min and Dh max was 5 mm (48.9 Pa). At 500 V, Q max was 18.4 lL/min and Dh max was 6 mm (61.1 Pa). In general, the micropump with 0.4 mM borax buffer performed the best, having the highest values of Q max (29.3 lL/min) and Dh max (9.5 mm or 92.9 Pa) at 500 V. 3.3 Si-PDMS, Glass-PDMS, and PDMS-PDMS Micropumps. Using the three different micropumps fabricated, the influence of the materials used in their fabrication on flow rate was investigated. Different materials were used to seal the microchannels (fourth surface), while using PDMS for the other three internal surfaces of the microchannels. The three micropumps had similar geometric configurations, including the inlet and the outlet reservoir sizes. Inlet and outlet flow conduits and electrodes had the same diameter. The experimental flow loop used to test the three micropumps had the same components which included a microflow meter ASL-1600 (Sensirion Inc., Westlake Village, CA), tubing, and fittings. The experiments were performed using one micropump at a time.
Comparison of Flow Rates for Different Micropumps.
Flow rate data was collected as a function of the applied EOF voltage for the three types of micropumps mentioned earlier. The EOF voltage range was 100-800 V for the Si-PDMS micropump and 100 V-1 kV for the Glass-PDMS and the PDMS-PDMS micropumps. For all experiments using the three different micropumps, DS water was used as a working liquid. The flow rate values versus the applied EOF voltage for the three different micropumps are presented in Fig. 8 . The highest flow rate was measured when the Glass-PDMS micropump was used. The maximum flow rate value for the Glass-PDMS micropump was 75.9 lL/ min at 1 kV. The flow rate for the PDMS-PDMS micropump was 55.8 lL/ min at 1 kV. The Si-PDMS micropump was only tested up to 800 V since the fluid flow decreased and the EOF current increased when the EOF voltage was increased beyond that. Also, at 1 kV of EOF voltage, the EOF current exceeded the current limit of the EOF power supply. The highest flow rate that was measured through the Si-PDMS micropump was 26.4 lL/min at 800 V. As the flow rates for the Si-PDMS combination have not been assessed or reported earlier, we believe that such information would aid in better design of Si-PDMS based micropumps for thermal management applications. To conduct numerical validation there are considerable uncertainties in applying zeta-potential values for different materials (column 3 of Table 2 ) where a wide range of zeta-potential have been reported (thin film study of Si-PDMS:À20 to À68 mV [22] , Glass-PDMS: À66 to À88 mV [16] , and PDMS-PDMS: À68 to À110 mV [16] ) in recent studies. Considering the wide range of zeta-potential, it is expected that the flow rate will also have similar variation, because flow rate is linearly proportional to zetapotential at lower voltages. For the validation of experimental results, there are two approaches to account for these uncertainties by either: (1) fixing the zeta-potential value and then obtaining the flow rate; or (2) optimizing zeta-potential value and obtaining flow rate which is comparable (within a few percent) to experimental data. We adopted the second approach. We varied the zetapotential value for each applied voltage such that the calculated flow rate is within 5% (% Difference ¼ |Q exp À Q num. | Â 100/Q num. ) of the corresponding experimental flow rate. Using this optimization approach, a range of zeta-potential values was obtained for different applied voltages for each type of micropump device. The ranges of zeta-potential obtained for different micropumps are shown in Table 2 . The optimized ranges of zeta-potential were À42.5-À50.7 mV, À76.0-À88.2 mV, and À76.0-À103.0 mV, for Table 3 Comparison of normalized flow rates between the current study and similar published results
Description
Current study Chen and Santiago [3] Chujo et al. Si-PDMS, Glass-PDMS, and PDMS-PDMS micropumps, respectively. Values of zeta-potential obtained in this study are more accurate and have lesser variability but, are within the range of values presented by Sze et al. [16] and Bousse et al. [22] for devices made from similar materials ( Table 2) .
For the Si-PDMS micropump, experimental, and numerical values of the flow rate are presented in Fig. 9(a) for voltages in the 500 V range. Further, the zeta-potential values for each applied voltage are also shown next to each data point on the figure. Similarly, the experimental and numerical flow rate values for the Fig. 9 Experimental and numerical flow rates for: (a) Si-PDMS section, (b) Glass-PDMS section, and (c) PDMS-PDMS section Glass-PDMS and the PDMS-PDMS micropumps are shown in Figs. 9(b) and 9(c) , respectively. Individual values of zetapotential for different applied voltages for the Glass-PDMS and PDMS-PDMS are also shown in these figures.
Discussion
In this study, a novel micropump design was fabricated using a combination of PDMS, Si, and glass. The three surfaces of the microchannels were cast into PDMS and the fourth surface was silicon, glass, or PDMS substrate. The flow rates produced by these micropumps were orders of magnitude higher compared to micropumps with similar size. The increase in the flow rate value was due to the higher zeta-potential value and the smoother surfaces (less frictional loss) of the PDMS. Further, there was a variation in the flow rate values when different materials (Si, glass, or PDMS) were used to fabricate the micropumps. Also, there were variations in the flow rate values for the same micropump when different liquids were used. These variations are caused by differences in zeta-potentials for various surface-liquid combinations tested in this study. Different types of micropumps had different flow rates due to the variation of zeta-potential values. Silicon-PDMS, Glass-PDMS, and PDMS-PDMS micropumps had different values of zeta-potential ( Table 2 ). The flow rate in microchannels is proportional to the value of zeta-potential. The differences in the flow rate values for different micropumps at the same voltage were due to differences in the zeta-potential values of these micropumps.
The flow rate and EOF voltage relationship was linear for all liquids and micropumps at lower values of voltage (i.e., less than 500 V). When the EOF voltage was increased beyond 500 V, there was a deviation from the linear trend. These variations were significant for the Si-PDMS micropump. At higher voltages, current leakage through the silicon substrate was higher leading to a nonlinear flow rate-voltage relationship. Also, the Al 2 O 3 nanoparticle solution had a nonlinear trend for EOF voltages above 500 V. The Al 2 O 3 nanoparticle solution had higher electrical conductivity compared to the other liquids used in the study (Table 1) . This increased the effects of Joule heating at higher voltages and led to increased nonlinearity in the flow rate versus voltage data.
All liquids that were used in the study showed a reduction or a limited increase in the flow rate at higher voltages (especially 800 V). This can be attributed to different factors including Joule heating and the increased values of electrical current leakage through the silicon substrate. In particular, for Al 2 O 3 nanoparticle solution, the decrease in the flow rate was higher due to the deposition of the nanoparticles on the microchannel walls. While the experiment is being conducted it was observed that nanoparticles were sticking to the microchannel surface coupled with white discoloration. These depositions can lower the value of zeta-potential and may reduce the cross-sectional area of the microchannels. At higher voltages the temperature of the Al 2 O 3 nanoparticle solution increased due to higher Joule heating. This also led to higher deposition rate of Al 2 O 3 nanoparticles near the surface of the microchannels; thus, leading to localized bubble formation and decreased flow rate.
Although it can be used as a micropump for fluid delivery, the Si-PDMS micropump is more suited for thermal management applications. Having silicon as one thermally conductive surface and PDMS as three other insulating surfaces of the microchannel, could allow unidirectional heat transfer from microchip and silicon surfaces to the liquid inside. Thus, the combination of both PDMS and silicon surfaces can enhance heat transfer from microelectronic devices. The use of PDMS surfaces on three internal surfaces of the microchannel was advantageous as they increased the flow rate inside the microchannel. This increase is attributed to the higher values of zeta-potential achieved when PDMS was used for the three internal surfaces of the microchannel. On the other hand, the use of silicon for the conducting surface can increase heat transfer to the liquid by serving as a heat transfer interface between the microchip device and the cooling liquid within the microchannels.
Even with a pressure difference applied to the micropump's outlet, the flow rates achieved were higher compared to similar microchannel-based pumps reported in the literature. A micropump designed by Seibel et al. [6] achieved a flow rate of 10 nL/min and the zero-flow pressure for their micropump was 65 Pa at 40 V. Other researchers [23] reported EOF pumps of different designs having higher flow rates and pressures. These pumps were built using porous media (Silica or Alumina) and they were bigger in size (the volume of the pumping section was 750 ml) compared to our micropump (the volume of the pumping section was 4.5 Â 10 À3 ml). In addition to the pressure head introduced by the difference in the levels of the outlet and the inlet (Dh) there were additional hydraulic resistances in the flow loop. These resistances were: the flow meter, the tubing, and the fittings. Due to this, the actual pressure values in the flow loop are expected to be higher than what has been reported in Fig. 7 .
The insulating layer of SiO 2 used with the Si-PDMS micropump was able to withstand EOF voltages up to 1 kV without breaking down. The thickness of the insulating layer was 1 lm of thermally grown silicon dioxide. Yao et al. [24] , reported electrical breakdown after 400 V in porous silicon membranes EOF micropumps. The thickness of the SiO 2 insulating layer in their study was 0.25 lm. It is possible that the electrical breakdown of the insulating layer is dependent on both its thickness and the applied voltage. Increased thickness can allow higher voltages to be applied without electrical breakdown.
The use of Al 2 O 3 nanoparticle solution in the Si-PDMS micropump reduced the flow rate compared to pure water at the same voltage. On the other hand, Al 2 O 3 nanoparticle solution has a higher heat removal capacity compared to other water-based liquids [13] . The flow rate of the Al 2 O 3 nanoparticle solution was 18.4 lL/min at 500 V. In comparison, borax buffer had a flow rate of 29.3 lL/min at the same voltage. Al 2 O 3 nanoparticle solution deposits on the microchannel walls can lead to a reduction in the value of zeta-potential. Long-term operation of the micropump is expected to reduce the microchannels cross-sectional area leading to a decrease in the flow rate.
The selection of the working liquid is dependent on the application in which the micropump is being implemented. In cases where higher flow rates are desired, water-based liquids having high zeta-potential can be implemented. In applications involving heat transfer, the use of Al 2 O 3 nanoparticle solution can be more beneficial due to its preferable thermal properties, though there is limitation on the maximum achievable flow rate. Thus, for such application optimization of flow rate and heat transfer enhancements need to be performed.
Assumptions and Limitations.
In the numerical study, an average value for zeta-potential was used for the boundary conditions of the walls. This was necessary for the case of Si-PDMS and Glass-PDMS micropumps. Silicon and glass have some difference in zeta-potential compared to PDMS. An average value of zeta-potential was only used for the Si-PDMS and the Glass-PDMS micropumps. The use of SS electrodes can lead to long term corrosion, since one electrode may act as a sacrificial anode. For prolonged use of the micropump, it is recommended to have electrodes made of noble metals such as platinum.
Conclusions
Micropumps were fabricated using a combination of silicon, glass, or PDMS materials. DI water, DS water, borax buffer, and 1% Al 2 O 3 nanoparticle solution were used as working liquids in the micropumps. The Glass-PDMS micropump produced a maximum flow rate of 75.9 lL/min at 1 kV. This flow rate is considerably higher (orders of magnitude) than the flow rates reported in the literature for micropumps with similar sizes. The flow rate-EOF voltage relationship was linear with an R 2 value of $1 over a wide range of EOF voltages (100-500 V). There was a deviation from the linear trend for the Si-PDMS micropump at higher voltages (>800 V) due to the EOF current leakage through the silicon substrate. Joule heating effects were significant when Al 2 O 3 nanoparticle solution was used in the micropump. The increase in Joule heating was due to the higher electrical conductivity of the Al 2 O 3 nanoparticle solution compared to other liquids used. The values of zeta-potential for different micropump sections studied here were within the range of values reported by others for similar devices. The use of PDMS-cast microchannels with silicon to construct the Si-PDMS micropump increased its zeta-potential. The increase in zeta-potential lead to an increase in the flow rate. This increase in flow rate, in turn, will increase the heat removal rate in thermal management applications. Thus, the Si-PDMS micropump is more suited for microelectronics cooling applications and can serve as an integrated microscale heat exchanger. Glass-PDMS and PDMS-PDMS micropumps can be used for fluid delivery in lTAS applications.
A1 Surface Roughness of Silicon-Etched Microchannels. Photographs of silicon-etched microchannels are shown in Fig. 10 . These microchannels were fabricated in our previous studies. Figures 10(a) and 10(b) show microchannels that were obtained using silicon wet etching. Microchannels shown in Fig. 10 (c) were machined using silicon dry etching using inductively coupled plasma.
A2 Effect of Joule Heating.
The calculated values of Joule heating versus EOF voltages for the different liquids used in this study are shown in Fig. 11 . The magnitudes of Joule heating were plotted using a log scale since the differences between them for different liquids were high. Liquids with higher electrical conductivity, such as Al 2 O 3 nanoparticle solution, had elevated values of Joule heating compared to liquids with lower conductivity. Also, Joule heating was proportional to the applied EOF voltage; it reached its maximum value at 800 V for all liquids. The maximum value of Joule heating was 4.7 W for the Al 2 O 3 nanoparticle solution at 800 V. The lowest value of Joule heating was reported for DI water and was 0.002 W at 800 V. Joule heating increases the liquids' temperatures inside the microchannels. The increase in the liquids' temperature can lead to local bubble formation inside the microchannels that can significantly reduce the EOF flow rate.
A3 Error Analysis. Liquid flow rate was measured using a microflow meter ASL-1600 (Sensirion Inc., Westlake Village, CA), the accuracy of the measurement was 3% of the flow rate value and the resolution of the measurement was 0.1 lL/min. For example, a flow rate of 46.9 lL/min has an error of 61.4 lL/min. Voltages for EOF were applied using a high voltage sequencer (LabSmith HVS448, LabSmith, Inc. Livermore, CA), the monitor resolutions for voltage and current were 100 mV and 300 nA, respectively. For testing and verification, EOF DC voltages were measured using a digital multimeter HHM16 (Omega Engineering Inc., Stamford, CT) with an accuracy of 60.25% V.
The pressure difference between the outlet and the inlet reservoirs was calculated by multiplying the density of water (q) by the gravitational constant (g) by the difference in the heights (Dh) of the outlet-inlet reservoirs (DP ¼ qgDh). The uncertainty of measuring the pressure difference can be evaluated using Moffat [25] , where the total uncertainty U is given by
where B U is the bias error and P U is the precision error. The bias error is zero for the experiments conducted. The only source of error is the precision error. The propagation of uncertainty for a measured quantity r can be determined using the Kline and McClintock equation [26] 
where a is a variable(s) used in measuring r. For a pressure difference of DP ¼ qgDh, the precision error d DP would be
The gravitational constant and the density of water were not measured in our experiment, so the first two terms are equal to zero. Based on that, the precision error in measuring the pressure difference between the inlet and outlet reservoirs is 68.33% for Dh ¼ 6 mm.
